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Photonic switching is a key building block of many optical applications challenging its develop-
ment. We report a 2×2 photonic coupler with arbitrary splitting ratio switchable by a low-voltage
electronic signal with 10 GHz bandwidth and tens of nanoseconds latency. The coupler is based
on a single Mach-Zehnder interferometer in dual-wavelength configuration allowing real-time phase
lock with sub-degree stability. The coupler can be set to any splitting ratio from 0:100 to 100:0
with the extinction ratio of 26 dB. We show 100 ps switching between various coupling regimes
such as balanced 50:50 beam splitter, 0:100 switch, and a photonic tap. Furthermore, using the
reported coupler, we demonstrate for the first time the perfectly balanced time-multiplexed device
for photon-number-resolving detectors and also the active preparation of a photonic temporal qudit
state up to four time bins.
I. INTRODUCTION
Fast splitting, switching, and routing of light are criti-
cal tools of photonic technology in the rapidly developing
fields of optical communication and optical information
processing including demanding applications like quan-
tum cryptography [1], neuromorphic computing [2, 3],
photonic simulations [4], scalable boson sampling [5, 6],
universal quantum computing [7], and photon counting
[8]. In the last few years, high-efficiency single-photon
generation has been demonstrated employing active time
multiplexing [9–11]. Optical switching has also facili-
tated a recent pioneering demonstration of postselection-
loophole-free violation of Bell’s inequality with genuine
time-bin entanglement [12].
A basic routing device switches the input signal be-
tween two or more output ports. Such on-off switches
find their application in optical networks and data cen-
ters. They typically require a high extinction ratio (low
crosstalk) but not ultra-high-speed performance, with
1 µs response being sufficient for the vast majority of
switching systems [13]. The most advanced modula-
tion, processing, and detection schemes, however, re-
quire ultra-low latency between the control signal and
the switch response, together with a large bandwidth and
high extinction. Furthermore, the continuous tunability
with arbitrary splitting ratio is required [1, 6, 7]. The
universal routing device would also be able to coherently
superpose two incident signals acting as a coupler switch-
able between various splitting ratios.
Various switching techniques are used like liquid crys-
tal devices, microelectromechanical systems, semicon-
ductor optical amplifiers, and Mach-Zehnder interferom-
eters (MZI) with electro-optic phase modulator (EOM).
The MZI operates as a 2 × 2 variable beam splitter and
allows the continuous tunning of its splitting ratio. The
main drawbacks of MZI based switchable coupler are the
extinction ratio limited by visibility of the MZI and its
phase instability causing the drift of the splitting ra-
tio. The visibility optimization is particularly challeng-
ing in the case of a spectrally broad signal, like short
optical pulses and the majority of single-photon sources,
and with dispersion elements utilized as a part of the
MZI. The phase stability issue can be addressed by active
phase locking, though it is notoriously uneasy at a single-
photon level or with fluctuating input signal. The deteri-
orating effect of manufacturing imperfections on the MZI
visibility can be diminished by cascading more MZIs,
which has been demonstrated recently [14–16]. Unfor-
tunately, increasing the number of MZIs per single rout-
ing step decreases the stability of the whole system sig-
nificantly and makes the phase stabilization even more
difficult.
In this Letter, we present a low-latency switchable cou-
pler employing a high-visibility fiber MZI. An auxiliary
light beam is injected to the MZI, co-propagates with
a single-photon signal, and enables real-time continuous
phase locking with a unique sub-1 deg long-term sta-
bility. The picowatt-level auxiliary beam is wavelength
separated with virtually no crosstalk to the signal. We
demonstrate fast switching of the coupler by changing
its operation between any splitting ratios in a fraction
of nanosecond. The splitting ratio is controlled using
low-voltage electronic signal compatible with the output
of the majority of photodetectors, which is crucial for
utilization of the coupler in optical feedback and feedfor-
ward circuits. We show outstanding performance of the
reported device in two demanding applications, namely
a balanced time-multiplexed device for photon-number-
resolving detectors and an active preparation of a pho-
tonic time-bin encoded 4-level state with time-bin sepa-
ration in the range of tens of nanoseconds.
II. EXPERIMENTAL METHODS
The developed coupler is based on fiber MZI where
the splitting ratio can be switched by changing an opti-
cal phase using an integrated waveguide EOM, see Fig. 1.
The MZI was implemented to have high interference visi-
bility resulting in high extinction ratio, exceptional phase
stability enabling a long-term continuous operation, and
fast modulation with low overall latency between a con-
trol electronic signal and the response of the switching.
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2FIG. 1. Simplified experimental scheme of the switchable cou-
pler showing the signal and reference beams entering the MZI
and being separated at its output. Phase dispersion compen-
sator (PDC) and fiber stretcher (FS) are used to lock the MZI
phase based on the reference detection at the photodiodes
(PD1,2). Integrated electro-optic modulator (EOM) driven
by FPGA based electronics is employed for switching the cou-
pler between arbitrary splitting ratios. The output signals are
detected by single-photon avalanche diodes (SPAD1,2).
In what follows we will discuss these design goals and the
corresponding features of the presented solution.
When operated as an on-off switch, the signal injected
in the first input port is reproduced by an ideal MZI ei-
ther at its first output port with no signal at the second
one (ON state) or at the second port with no signal at
the first one (OFF state) for the phase set to 0 or pi,
respectively. The corresponding constructive or destruc-
tive interference is not perfect under real conditions and
the switching has limited extinction ratio directly given
by the interference visibility. The desired high visibil-
ity operation requires perfect indistinguishability of in-
terfering optical signals at the output of the MZI in all
relevant degrees of freedom, namely path, spatial mode,
polarization, time, and frequency. The path informa-
tion is reduced by making the signals in both arms of
the MZI of the same intensity by slight tuning of losses.
Also, the splitting ratio of the output fiber splitter has
to be close to 50:50. Spatial distinguishability is inher-
ent in single-mode fiber implementation. Polarization-
maintaining fibers are utilized throughout the setup to
keep the polarization constant in time and the same for
both the MZI arms. All connector splices are made to
minimize polarization crosstalk between the fiber axes,
and additional polarization filtering is also included. The
MZI arms are carefully adjusted to have the same opti-
cal path length using tunable air gaps. The difference
between the MZI arms is further minimized by placing
the components symmetrically in both the arms. This
is particularly important for the components exhibiting
strong dispersion such as integrated EOMs and disper-
sion compensators. Having all these degrees of freedom
under control and precisely adjusted, we have reached the
interference visibility of 99.55% in the optical bandwidth
of 3 nm around 810 nm (equivalent to pulse length down
to 300 fs). It results in switching with the extinction ratio
of 26 dB for continuous as well as pulsed optical signals.
A usual problem of interferometric circuits is a ran-
dom phase fluctuation caused by temperature changes,
airflow, and vibrations. These adverse effects can be par-
tially eliminated with passive methods such as thermal
stabilization and acoustic and vibration isolation. An
active stabilization is necessary to keep the phase fluctu-
ation small enough for advanced applications. Particu-
larly, the long-term switching operation with the ultimate
extinction ratio requires the phase stability better than
1 deg. Comparing the output signal to a fixed setpoint
and adjusting the phase based on the error signal repre-
sents a common solution in the case of the strong classi-
cal signal. However, such an approach is fundamentally
limited by a photocounting noise when a weak optical
signal is used [17]. Inherently stable interferometers [18]
or repeating the stabilization and measurements steps
[19] are possible solutions at the single-photon level. The
best performing technique uses an auxiliary strong opti-
cal reference co-propagating with the signal through the
MZI and enabling the real-time phase lock. In fibers, the
reference and the signal overlap spatially and have to be
multiplexed in different degree of freedom with the wave-
length being the typical choice [20]. We utilize 100 pW
reference at 830 nm obtained from a spectrally and single-
mode filtered luminescent diode. Its large spectral width
of 10 nm allows for locking not only the optical phase
but also the autocorrelation maximum, which signifies
zero relative optical path of the interferometer. The ref-
erence is separated at the output of the MZI using a se-
quence of a polarizing beam splitter (PBS), quarter wave
plate (QWP), and a 3 nm interference filter centered at
810 nm (IF) acting together as wavelength selective opti-
cal isolator. The transmitted signal is detected by single-
photon avalanche diodes while the reflected reference im-
pinges an ultra-sensitive photodiode (PD) with NEP=9
fW/
√
Hz. The amplified photodiode signal from both the
MZI output ports is processed by a custom proportional-
integral-derivative (PID) controller with the setpoint set
at the maximum fringe slope and adaptively corrected
for amplitude fluctuations of the reference. The pro-
duced electronic error signal is fed to a fiber stretcher
(FS) with the dynamic range of 35 µm [21]. The overall
stabilization bandwidth of 1 kHz given primarily by the
response of the stretcher has been reduced to approxi-
mately 30 Hz for some measurements to further improve
the signal-to-noise ratio of the lock. The crosstalk from
the reference to the signal is below 10 photons/s (i.e.
photon crosstalk probability below 10−6 for 100 ns time
bin). To manipulate the relative phase between the ref-
erence (locked to pi/2) and the signal, we insert in the
MZI a custom-made dispersion compensator formed by
two tilted high-dispersion SF10 glass plates.
The reaction time, also termed latency, of the realized
switchable coupler is given by the propagation delay of
the optical signal from the input to the output of the
device and, also, by the response of the phase modula-
3tor employed. The coupler is approximately 9 m long,
which corresponds to the delay of 45 ns. It can be de-
creased below 20 ns easily by reducing the pigtail length
of the constituent components and shortening the fiber
stretcher sacrificing its dynamic range. Further decreas-
ing the latency of the device seems to be superfluous
especially when triggered by free-running single photon
detectors considering their typical recovery time 10-30 ns.
The waveguide integrated LiNbO3 EOM features 10 GHz
bandwidth with negligible impact on the overall latency.
The modulator is controlled by voltage signals within 0
– 2.2 V using electronic pulse generator with 3.5 ns pulse
width and 0.4 ns rise time for the response characteriza-
tion, and a field-programmable gate array (FPGA) with
10 ns clock period to control complex measurement pro-
tocols. The FPGA was supplemented with a GaAs FET
6-bit digital attenuator with the 0.5 dB step to generate
pulse sequences used for switching the coupler between
arbitrary splitting ratios.
III. RESULTS AND DISCUSSION
We have verified the stability of the splitting ratio dur-
ing continuous wave operation and characterized the time
response of the coupler to a fast-changing control signal,
to demonstrate the outstanding performance of the de-
veloped coupler. The long-term stability was character-
ized by acquiring the output intensity for various fixed
splitting ratios, particularly the most sensitive 50:50 ra-
tio. Noise spectrum of the coupler transmittance shows
60 dB improvement for the actively real-time stabilized
coupler. Allan deviation reaches the value of 5 × 10−4
for sub-second acquisitions times (affected by detector
fluctuations) and exhibits a plateau at 10−4 for longer
measurement durations (equivalent to phase stability of
0.6 deg).
The time response was evaluated by setting a fixed ini-
tial splitting ratio and sending an electronic control pulse
to the coupler. The switching process was observed at
the output ports while the single-photon level signal was
injected in the first input port of the device. The mea-
surement was repeated many times due to the random
nature of the photon detection process, and all detec-
tion events were recorded on a time-tagger. The accu-
mulated photon-counting histograms are shown in Fig. 2
for various initial and target splitting ratios to demon-
strate arbitrariness of the switching. The data are de-
picted without corrections, except for SPAD afterpulses
subtraction (maximum 1% of the signal) and normaliza-
tion, to show the temporal evolution of the transmittance
and reflectance. The switching speed determined as the
rise time (10%-90%) of the measured histograms is 0.7 ns,
though the actual response of the coupler switching is
much faster. The measurement is affected by the SPAD
jitter (0.3 ns), the rise time of the electronic control pulse
(0.4 ns), and a resolution of the time tagger (0.16 ns).
After correcting for these contributions, the rise time of
FIG. 2. The examples of fast switching with the splitting
ratios: 100:0→0:100 (a), 100:0→25:75 (b), 100:0→50:50 (c),
100:0→75:25 (d), 50:50→0:100 (e), and 55:45→17:83 (f). Red
and blue data points correspond to two outputs of the inter-
ferometer. The error bars are smaller than the data points.
the coupler switching is estimated to be less than 100 ps,
which is compatible with the integrated EOM speed of
10 GHz.
The input optical pulse can be multiplexed in many
time bins when reflected part of the signal is fed from
the output of the coupler to its input to create a loop,
as shown in Fig. 3(a). Electronic control pulses applied
to the EOM have to be synchronized with the optical
pulse repeatedly passing the coupler. This scheme follows
the proposal of a time-multiplexed device for photon-
number-resolving detectors [22]. Fixed splitting ratio
couplers are typically utilized, which yields non-uniform
probability distribution of finding a photon in individual
time bins [23]. Recently, an advanced scheme was exper-
imentally verified, employing a binary switch based on a
free-space Pockels cell with the latency of 2.4 µs corre-
sponding to a fiber delay loop length of 480 m [8]. Em-
ploying the low-latency coupler reported here, we were
able to decrease this delay to 60 ns corresponding to a
12 m long fiber, i.e. a direct connection between the
output and input pigtails of the coupler.
The overall loss of the coupler and the loop represents
the main limitation of a photon-number-resolving loop-
detector, as the signal is diminished in each cycle in the
loop. The extinction ratio of the coupler determines the
minimum probability of releasing a photon before the
first full cycle. Here, we have focused on the extinc-
tion ratio and latency of the coupler and not performed
an extensive loss optimization; hence the total loss dur-
ing a single cycle is approximately 80%. It limits the
multiplexing to four balanced time bins, see Fig. 3(b).
Using the similar fiber architecture with ultra-low loss
components, the loss could be decreased down to approx-
4FIG. 3. Loop-based temporal multiplexing using the reported
switchable coupler: scheme of the experiment (a) and various
configurations of time-bin encoded 4-level photonic signal (b-
g). Particularly, the panel (b) shows the balanced operation
suitable for time-multiplexed photon-number-resolving detec-
tion.
imately 50% with the main contribution stemming from
the integrated EOM, which corresponds to 8 balanced
round trips. The overall loss slightly below 10% can
be reached using a free-space MZI with low-loss compo-
nents and free-space broadband electro-optic phase mod-
ulator. This configuration requires high-voltage driv-
ing and would sacrifice other parameters except losses.
We estimate time multiplexing to 30-40 of non-saturated
equiprobable channels to be ultimately possible.
The reported switching protocol can be generalized to
arbitrary time multiplexing. We demonstrate full con-
trol over the amplitude of the individual time bins, see
Fig. 3(b-g) depicting several examples of time-bin en-
coded 4-level optical system. The tunable routing of the
input signal to the resulting time bins can be comple-
mented by their arbitrary phase modulation using EOMs
in both the MZI arms. Starting from single photon input,
such the routing represents an efficient way of preparing
a photonic multi-level system (qudit). A second switch-
able coupler would be needed for the qudit analysis at
the receiver.
IV. CONCLUSION
We have presented the 100 ps switchable coupler opti-
mized for routing faint optical signals and single photons.
The measured overall latency of the coupler is 45 ns with
a possibility of reduction below 20 ns, which is compara-
ble with the recovery time of the state-of-the-art single-
photon detectors. We have verified full tunability of the
splitting ratio from 0:100 to 100:0 with the exceptional
extinction of 26 dB and unparalleled long-term stability
of one part in 10,000. We have reached for the first time
the balanced operation of loop-based photon-number-
resolving detector exploiting the full control over the
splitting ratio of the developed coupler. Furthermore, we
have demonstrated the deterministic preparation of pho-
tonic time-bin four-level qudit with a clock cycle of 60 ns
using the presented coupler and a single delay loop. We
envision the use of the reported device in advanced feed-
back and feedforward based schemes of electro-optical
control of light, where a detection of a fraction of the
light signal changes the splitting ratio of the remaining
signal. The low-latency switchable coupler is the key
device instantly applicable in a vast number of appli-
cations such as time-multiplexed single-photon sources
[10], photon-number-resolving detectors [8], and various
time-bin encoded communication protocols [12] including
quantum key distribution [1] and hyper-entangled states
preparation and measurement [24].
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